Abstract: Quasi-ternary (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 glasses, 10 −4 ≤ x ≤ 0.6 were studied over a wide composition range covering nearly 4 orders of magnitude in the mobile cation content. The glasses show a remarkable increase of the ionic conductivity by 12 orders of magnitude and exhibit two drastically different ion transport regimes: (i) a power-law critical percolation at x 0.04, and (ii) a modifier-controlled conductivity, exponentially dependent on x  0.1. Using Raman spectroscopy and high-energy X-ray diffraction supported by DFT modelling of the Raman spectra we show that the glass network is essentially formed by corner-sharing CS-GeS 4/2 tetrahedra. Mercury sulfide in glasses is dimorphic. The majority of Hg species (70 % at x < 0.2) exist as two-fold coordinated (HgS 2/2 ) n chains. Silver species have mixed (2I + 2S) tetrahedral environment forming either edge-sharing ES-Ag 2 I 2 S 4/2 dimers or corner-sharing (CS-AgI 2/2 S 2/2 ) n chains. The relationship between the ionic transport and atomic structure of the glasses is discussed.
Introduction
Silver halide containing chalcogenide glasses have been intensively investigated over the last few decades owing to their high Ag + ionic conductivity [1] [2] [3] and a large number of applications in different fields (chemical sensing [4, 5] , lithography [6, 7] , phase-change memories and related phenomena [8] [9] [10] , etc.). They are also interesting model systems to investigate the structural role of silver halides in fast ion conducting glasses. A largely accepted approach consists to consider silver halides as dopant salts providing the conductivity enhancement through the expansion of the glass-forming units [11, 12] and neglecting possible chemical interactions between silver halide and a vitreous host. Widely investigated chalcohalide or oxyhalide quasi-ternary systems AgY-Ag 2 X-M n X m , where Y=Cl, Br, I; X=O, S, Se, Te; M=B, Si, P, As, Ge, Sb, Mo, usually contain silver oxide or silver chalcogenide Ag 2 X making difficult to study the silver local environment in glasses related to AgY. Only a limited number of papers were devoted either to quasi-binary systems AgY-M 2 X 3 or quasi-ternary vitreous alloys without Ag 2 X [13] [14] [15] [16] .
Mercury chalcogenide glasses seem to be promising materials particularly in the field of optics [17] . Crystalline mercury sulfide exists in two drastically different polymorphic forms in different domains of the P,T-diagram: red chain-like insulator α-HgS (E g ≈2.1 eV), stable below 344 °C, and black tetrahedral narrowband semiconductor β-HgS (E g ≈0.4 eV), stable at higher temperatures. Diffraction and Raman measurements of glassy mercury thioarsenates HgS-As 2 S 3 [17, 18] show that these two mercury bonding patterns are present simultaneously in the glasses. The population and interconnectivity of chain-like and tetrahedral mercury forms determine both the structural features and fundamental glass properties. In other words, the two-fold and four-fold coordinated mercury species act as network former and modifier, respectively.
The main purpose of this work is to study electrical and structural properties of quasi-ternary AgI-HgSGeS 2 glassy system. Introducing silver iodide into mercury thiogermanate vitreous host, one expects to generate and increase the Ag + ionic conductivity, important for various applications of these glasses. Using a melt quenching method we were able to produce (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 glasses, containing up to 60 mol.% AgI [19] . The aim of the present paper is (I) to study the ion transport properties using conductivity measurements, (II) to unveil the glass structural features using Raman spectroscopy and high-energy X-ray diffraction experiments combined with DFT modelling of the Raman spectra, and finally (III) to discuss the relationship between the ionic conduction and atomic glass structure.
Experimental

Glass preparation
The (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 glasses were prepared from silver iodide, mercury sulfide, and germanium disulfide precursors via conventional synthesis. The various components in required proportions were sealed under vacuum (10 −6 mbar) in silica tubes, heated up to 995 °C and homogenised in a furnace. Finally, the melt was quenched in icy salt water.
Conductivity measurements
The alternating current a.c. electrical conductivity of the samples was measured using a Hewlett Packard 4191A impedance meter. The impedance modulus Z and the phase angle θ were obtained in the frequency range 100 Hz to 15 MHz from room temperature up to 170 °C. The direct current d.c. electrical conductivity was measured using a Hewlett Packard 4339B high resistance meter with an applied voltage of 100 volts in the temperature range between 60 and 170 °C depending on the sample composition. Further experimental details are published elsewhere [20] .
Raman spectroscopy measurements
Raman spectra were collected at room temperature using a LabRam HR spectrometer (Jobin Yvon Horiba Group) equipped with a triple monochromator, liquid nitrogen cooled CCD detector and a microscope. Raman scattering was excited by a 785 nm solid-state laser and recorded in the 80-850 cm −1 spectral range. To avoid crystallisation of the glassy samples, the laser power was set to 1.5 mW and the acquisition time was 300 s. Two to three spectra were registered for each sample at different positions to verify the sample homogeneity and the absence of photo-induced phenomena. The spectrometer resolution was 1 cm 
Diffraction measurements
High-energy X-ray diffraction measurements were conducted at the 6-ID-D beamline of the Advanced Photon Source (Argonne National Laboratory, USA). The X-ray energy was 100 keV, providing data at Q values up
. A 2D setup was used for data collection with a Perkin Elmer model 1621 X-ray area detector. The two-dimensional diffraction patterns were reduced using the Fit2D software [21] . The measured background intensity was subtracted, and corrections were made for the different detector geometries and efficiencies, sample self-attenuation, and Compton-scattering using standard procedures [22] giving the X-ray total structure factor S X (Q).
DFT modelling
The DFT calculations have been carried out using Gaussian 16 software [23] associated with its graphical user interface GaussView. In order to find a compromise between the cost of the calculations and the accuracy of the results, structural optimisation and harmonic vibrational frequency calculations were performed for size-limited clusters. The DFT calculations were carried out with the Becke [24] three parameters hybrid exchange functional and the Lee-Yang-Parr correlation functional (B3LYP) [25] . The small-core relativistic pseudo-potential basis set (cc-pVTZ-PP) [26] and the effective core potentials available in the Environment Molecular Science Library [27] were employed for cluster geometry optimisation and Raman intensity calculations. All the structures were optimised using the tight convergence option ensuring adequate convergence and reliability of computed wave numbers.
Results and discussion
Ionic conductivity
Typical temperature dependences of the total conductivity for AgI-HgS-GeS 2 glasses are shown in Fig. 1 ) do not show any significant hysteresis effects and obey the Arrhenius law:
where σ 0 is the pre-exponential factor, E a the activation energy, k the Boltzmann constant and T the temperature. The room-temperature conductivity σ 298 , E a and σ 0 were calculated from a least square fit of the data using Eq. ) and y max = 27.3 at.% Ag (x = 0.6). Similar conductivity evolution was found for several families of Ag + ion conducting sulfide glasses [28] [29] [30] [31] Ag tracer diffusion measurements have also revealed a predominantly ionic transport even for extremely diluted glasses when the silver ion transport number was found to be · K before a sudden drop by 2 orders of magnitude for the region D glasses (x > 0.5), Fig. 3b . These vitreous alloys at the limit of the glass-forming range have nearly identical conductivity parameters and contain nanocrystals of silver iodide, identified by the β→α-AgI phase transition at the DSC traces. In the following discussion, the analysis of region D glasses will be omitted.
The observed ionic conductivity evolution in the AgI-HgS-GeS 2 glasses shows characteristic transport regimes for ion-conducting chalcogenide glasses over a wide composition range: (i) critical percolation regime for diluted glasses (region A), and (ii) modifier-controlled regime for intermediate-and high Ag-rich vitreous alloys (regions B and C). The main difference compared to previously reported conductivity and tracer diffusion results [28, 29] appears to be two sub-regions B and C for the modifier-controlled domain clearly seen in Fig. 2a by changing the slope ∂ log σ/∂y. 
Critical percolation domain A (y c < y ≤ 1-2 at.% Ag)
The ionic conductivity evolution in region A exhibit all characteristic features of the critical percolation regime [32] . Extremely diluted (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 chalcogenide glasses show a rapid increase of conductivity (≈3 orders of magnitude) in a limited concentration range, 40 ppm ≤ y  1-2 at.% Ag (region A), revealing a power-law composition dependence, Fig. 2b :
where σ i (1, T) is the ionic conductivity of a hypothetical percolation-controlled phase at y = 1, and t(T) is the temperature dependent power-law exponent
where t 0 is the critical exponent at T = ∞ and T 0 is the critical fictive temperature which reflects the interconnectivity of an infinite percolation cluster. The conductivity activation energy in the critical percolation domain, E(y), is also dependent on
where E 0 is the activation energy at the percolation threshold y c ≅ 30 ppm Ag [32] and kT 0 ln(y/y c ) is the configuration entropy term related to the infinite percolation cluster(s) frozen below T g . The derived critical temperature T 0 = 273 ± 9 K, determined from the conductivity isotherms plotted on a log-log scale, Fig. 2b , appears to be consistent with that calculated using Eq. (4), T 0 = 290 ± 40 K, Fig. 3a .
The structural hypothesis behind the critical percolation regime suggests a random distribution of silver sites within the glass network [32] . The average Ag-Ag separation distance, calculated using a Wigner-Seitz type relation, 
Modifier-controlled regions B and C
The ionic conductivity of the (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 glasses diverges from the power-law behavior (2) in the modifier-controlled domain at higher silver content y > 5 at.% Ag (x > 0.1), Fig. 2 . Instead, one observes an exponential increase of conductivity as a function of y:
where a is a constant. Pulsed neutron and hard X-ray diffraction as well as small-angle neutron scattering experiments reveal a non-random silver distribution in the modifier-controlled domain and formation of preferential conduction pathways formed by direct contacts of corner-and/or edge-sharing silver-related coordination polyhedra [33] [34] [35] . We should however note a remarkable change in the slope ∂ log σ/∂y by a factor of 2 at y≈12 at.% Ag (x≈0.3) assuming some structural changes between regions B and C. Raman spectroscopy and high-energy X-ray diffraction were used to unveil possible differences in the local and intermediate-range order of AgI-HgS-GeS 2 glasses.
Raman spectra
Vitreous matrix (HgS) 0.5 (GeS 2 ) 0.5
The Raman spectra of glassy (HgS) 0.5 (GeS 2 ) 0.5 and GeS 2 are shown in Fig. 4b , normalised to the A 1 in-phase breathing mode of corner-sharing CS-GeS 4/2 tetrahedra at 340 cm −1 , Fig. 4c . The equimolar mercury thioger- manate glass is characterised by the most intense A 1 symmetric Hg-S stretching feature at 300 cm −1 similar to that in mercury thioarsenate glasses (HgS) x (As 2 S 3 ) 1−x [17] . The DFT simulations have revealed the origin of the 300 cm −1 mode to be related to (HgS 2/2 ) n chains, Fig. 4a , with rather weak interchain interactions in contrast to trigonal cinnabar α-HgS [36, 37] . Similar situation seems to exist in glassy (HgS) 0.5 (GeS 2 ) 0.5 . Mercury sulfide alloying with g-GeS 2 reduces substantially the population of edge-sharing ES-GeS 4/2 tetrahedra evidenced by a decreasing intensity of the 1 c A companion mode at 370 cm −1 and F 2 asymmetric stretching mode at 435 cm . The Raman spectroscopy was however unable to distinguish between the two-and four-fold coordinated mercury species in sulfide glasses [17, 18] . Mercury sulfide dimorphism in the equimolar vitreous host and quasi-ternary AgI-HgS-GeS 2 glasses will be discussed on the basis of diffraction studies.
Vibration modes in AgI-HgS-GeS 2 glasses
Alloying with AgI changes dramatically the Raman spectra, Fig. 4e ,f. As expected, the relative intensity of the A 1 symmetric Hg-S stretching mode at 300 cm −1 decreases while a new low-frequency feature at ≈140 cm . The 300 cm −1 Hg-S stretching shows a low-frequency side broadening assuming the appearance of an additional mode at 270 cm −1 increasing in intensity with x. The emerging 140 cm −1 feature is similar to that in hexagonal β-AgI, corresponding to the Ag-I stretching, Fig. 4d . The DFT modelling of a simple AgI monomer confirms this assignment. We should also note a systematic red shift of the 340 cm −1 Ge-S breathing in CS-GeS 4/2 tetrahedra with increasing x, clearly seen in Fig. 4f , and further decrease in intensity of high-frequency Ge-S stretching modes, ν ≥ 370 cm −1 , corresponding to ES-GeS 4/2 entities.
Subtraction of the scaled Raman spectral envelope for vitreous host (HgS) 0.5 (GeS 2 ) 0.5 from the spectra of AgI-HgS-GeS 2 glasses 1 and data analysis of the entire and difference Raman spectra allows complementary structural information to be obtained. It should, however, be noted that the difference spectra assume the subtraction of HgS-GeS 2 related vibrations, e.g. Ge-S and Hg-S stretching and bending/deformation modes. The remaining vibrations should be related to AgI-based structural units and vibrational (structural) differences between the subtracted host, (HgS) 0.5 (GeS 2 ) 0.5 , and quasi-ternary glasses changing with increasing silver iodide content.
The difference spectra, Fig. 5a , confirm a simultaneous growth of three vibration features with increasing x: (1) the Ag-I stretching at 140 cm −1 , (2) a new 270 cm −1 mode, and (3) the A 1 in-phase Ge-S stretching at 340 cm −1 , already seen before subtraction in Fig. 4e . The asymmetric peak at ≈270 cm −1 seems to be related to symmetric and asymmetric Ag-S stretching, indicating a mixed silver environment (I + S) in the quasi-ternary glasses. The DFT modelling of the Ag 2 S triatomic cluster, Fig. 5b , is consistent with this assumption for rather short Ag-S interatomic distances of 2.43 Å. The Raman spectrum of monoclinic β-Ag 2 S, also shown in Fig. 5b , is shifted to lower frequencies since the Ag-S first neighbour distances in crystalline silver sulfide are longer and spread over a wide range, 2.49 Å ≤ r Ag-S ≤ 2.69 Å [40] .
The 140 cm −1 spectral feature is, at least, bimodal; one observes a high-frequency shoulder at ≈180 cm −1 , whose relative intensity and position depends on x. The nature of this shoulder is not yet clear, although hexagonal β-AgI also exhibits asymmetric Ag-I stretching feature with high-frequency shoulder, Fig. 4d .
The Ge-S stretching frequencies between 300 and 450 cm −1 are most difficult to discuss since they, in principle, should be subtracted. However, the A 1 in-phase Ge-S breathing at ≈340 cm −1 increases almost simultaneously with the Ag-I stretching at ≈140 cm −1 . It could be related to the fact that the mixed silver environment and additional Ge-S stretching modes are connected. They would appear simultaneously when silver iodide is dispersed at the molecular level in the host network approaching CS-GeS 4/2 tetrahedra and completing the existing Ag-I bonds by Ag-S-Ge linkages. The high-frequency Ge-S stretching (>340 cm −1 ) includes the F 2 asymmetric vibrations of CS-GeS 4/2 tetrahedra and probably yield some indications of CS-Ge 2 S 7 dimers at ≈400 cm −1 , observed previously in silver thiogermanate glasses [39, 41] . The red shift of the A 1 in-phase Ge-S breathing mode in HgS-GeS 2 [19] , AgI-HgS-GeS 2 (this work) and Ag 2 S-GeS 2 [39] glass families, Fig. 5c , is also consistent with iodine/sulfur mixed silver environment. As mentioned above, the HgS-GeS 2 quasi-binary system shows a weak red shift, −(6.3 ± 1.4) cm −1 mol −1 , since the mercury sulfide chains (HgS 2/2 ) n are rather network-forming entities than network modifiers. Silver thiogermanate glasses Ag 2 S-GeS 2 show a typical modifier effect when formation of non-bridging sulfur and network fragmentation lead to a strong red shift for homogeneous Ag-rich glasses (y  20 at.% Ag), −(20 ± 2) cm −1 mol −1 . Similar red shift was observed for the AgI-HgS-GeS 2 vitreous alloys, −(18.6 ± 1.6) cm −1 mol −1 , emphasising the structural role of silver iodide as modifier through the Ag-S-Ge linkages and network fragmentation evidenced by a significant decrease of the glass transition temperature from 237 °C (y = 0) to 165 °C (y = 27.3 at.% Ag) [19] .
The Ag-I stretching also exhibits characteristic changes with increasing x, Fig. 5d , corresponding to different ion transport regimes in the (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 glasses, composition ranges A, B, C and D. The silver-diluted glasses (x  0.1, roughly the critical percolation domain A) show high and nearly constant stretching frequencies, 144.1 ± 0.6 cm −1
. These values suggest the shortest and invariant Ag-I interatomic distances in the quasi-ternary system, which seem to be related to AgI-based isolated structural entities distributed in the host network and experiencing the tectonic contraction imposed by the neighbouring network backbone. Modifier-controlled domains B and C are characterised by a strong red shift, −(22.4 ± 1.1) cm −1 mol −1 , presumably indicating the formation and evolution of preferential conduction pathways through the direct contacts of AgI-based coordination polyhedra. The non-homogeneous region D glasses show nearly constant Ag-I stretching frequencies, ≈130 cm −1 , in accordance with invariant thermal and conductivity properties. Nevertheless, neither the Ge-S nor Ag-I stretching has reflected the observed change in the slope ∂ log σ/∂y by a factor of 2 between regions B and C.
High-energy X-ray diffraction
Glassy (HgS) 0.5 (GeS 2 ) 0. 5 Typical Faber-Ziman X-ray structure factors S x (Q) of vitreous mercury thiogermanate matrix and glassy GeS 2 are shown in Fig. 6a .
In contrast to g-GeS 2 revealing typical diffraction pattern for binary germanium sulfide glasses [42] [43] [44] [45] , whose amplitude becomes comparable with that of the third peak, and reduced high-Q oscillations. The PP additionally exhibits a low-Q broadening hiding the second pre-peak at Q 0b ≈1.7 Å −1 related to Hg-Hg intermediate range order correlations, clearly seen in mercury thioarsenate glasses HgS-As 2 S 3 [18] . The observed differences seem to be related to an extensive fragmentation of Ge-S network, confirmed by strongly decreasing glass transition temperatures from ≈500 °C (g-GeS 2 ) to 237 °C (vitreous mercury thiogermanate), and presumably dramatic changes in the ring population. Mercury sulfide species also seem to filling up a large number of available cavities and voids in the network structure of glassy GeS 2 , proved to exist by ab initio molecular dynamics AIMD [46, 47] . Basically, alloying with HgS appears to be reminiscent of the effect of high pressure: shrinking and shifting to higher Q the FSDP, growing the PP [48] .
The total correlation functions T X (r) in r-space, derived through the usual Fourier transform using the Lorch window function [49] , are shown in Fig. 6b . The Ge-S first neighbour correlations at 2.21 Å in glassy GeS 2 are completed by longer Hg-S contacts in vitreous (HgS) 0.5 (GeS 2 ) 0.5 , yielding a broad first peak in T X (r), highlighted in red in Fig. 6b . The short Ge-Ge second neighbour correlations at 2.9 Å, highlighted in blue in Fig. 6b and corresponding to ES-units in glassy GeS 2 , became by a factor of 2 smaller in the mercury thiogermanate host, consistent with qualitative estimation from the Raman data, Fig. 4b . We should also note a nearly flat high-r correlations in (HgS) 0.5 (GeS 2 ) 0.5 , filling the gap between the second (at ≈3.5 Å) and more distant neighbours, except for a visible peak at 5.5 Å, in contrast to multiple distinct high-r features in g-GeS 2 , related to a pronounced intermediate range order and ring statistics [46, 50, 51] .
Fitting the first neighbour peak in T X (r) with two Gaussians, Fig. 6c , one obtains a tetrahedral Ge-S coordination while the mercury-sulfur local environment appears to be a mixture of two-fold Hg 2F -S and four-fold coordinated Hg 4F -S species, N Hg-S = 2.7. Consequently, a three-peak fitting was necessary with the following constraint on Hg 2F C and Hg 4F C peak areas [18] : 04, f = ± shows the majority of mercury species in glassy (HgS) 0.5 (GeS 2 ) 0.5 belong to the chain-like fragments (HgS 2/2 ) n , similar to that in Hg-rich mercury thioarsenate glasses [18] . The Hg 2F -S, r 2F = 2.30 Å, and Hg 4F -S, r 4F = 2.41 Å, interatomic distances are shorter than those in the HgS-As 2 S 3 system and trigonal chain-like cinnabar α-HgS [52] or cubic metacinnabar β-HgS [53] , consisting of HgS 4/4 tetrahedra, but the difference, Δr = r 4F -r 2F = 0.11 ± 0.02 Å, appears to be coherent both with glassy thioarsenates and crystalline mercury sulfides, 0.09 Å ≤ Δr ≤ 0.16 Å.
Short-and intermediate-range order in AgI-HgS-GeS 2 glasses
The X-ray structure factors S X (Q) for quasi-ternary (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 glasses show a remarkable evolution with increasing AgI content, Fig. 7a . The weak FSDP disappears completely while the PP progressively becomes narrower, mostly because of decreasing mercury concentration and vanishing the hidden Hg-Hg pre-peak at 1.7 Å −1 . The PP amplitude changes non-monotonously, increasing up to x≈0.3 and decreasing with further silver iodide additions. The next two oscillations in the S X (Q), shown by red arrows in Fig. 7a , exhibit even more surprising behavior. They are strongly shifted to lower Q simultaneously changing the amplitude with a minimum at x≈0.3. The changing shape of the S X (Q) reflects structural changes in the quasiternary glasses. The high-Q oscillations are also shifted to lower Q implying the increase in average interatomic distances.
Likewise, the total correlation functions T X (r) exhibit a dramatic evolution, Fig. 7b . The unresolved peak at 2.35 Å containing Ge-S and Hg-S first neighbour contacts monotonically decreases with x following the compositional changes. Instead, a new peak at 2.7 Å emerges, grows with x shifting to higher r. The amplitude of this peak becomes predominant at x  0.2. The second neighbour peak at 3.5 Å also decreases with x and shifts to higher r. In addition, a new second neighbour feature at 4.4 Å emerges and becomes predominant for AgI-rich glasses, x > 0.3. A single visible high-r feature of the vitreous mercury thiogermanate host at 5.5 Å rapidly disappears in the critical percolation domain A. Instead, broad asymmetric correlations emerge at ≈6.6 Å and grow with x.
The five-component AgI-HgS-GeS 2 glasses imply 15 partials. Consequently, the full analysis of the highr features is impossible without AIMD or related modelling. Nevertheless, we can try to elucidate the local structure of quasi-ternary glasses limiting to the first neighbour correlations. The Raman spectroscopy results clearly show the presence of CS-GeS 4/2 tetrahedra, HgS-and AgI-related structural units. As the first step, a three-peak fitting was carried out imposing a tetrahedral constraint on Ge-S correlations. At low x < 0.2, it yields stable Hg-S structural parameters, comparable with those in glassy (HgS) 0.5 (GeS 2 ) 0.5 . However, the Ag-I local coordination over the entire composition range, 0.05 ≤ x ≤ 0.50, was found to be low, 2.5 ≤ N Ag-I < 3.0. As a result, we have excluded a pure iodine environment for silver since the overwhelming majority of Ag-I species in inorganic and metal-organic compounds have a tetrahedral silver coordination. Taking into account the Raman spectroscopy results, the only reasonable alternative appears to be a mixed (I + S) environment frequently observed in silver chalcohalides [54] [55] [56] and coordination polymers [57, 58] . Subsequent fittings using the imposed 3:1, 2:2 and 1:3 iodine/sulfur stoichiometry have shown the best results assuming 2I + 2S nearest neighbours around silver. Typical results are shown in Fig 7c,d taking the contrasting compositions, x = 0.10 and x = 0.50. The derived mixed silver environment shows apparent limitations of the structural models considering only the expansion effects of silver halides in the host network.
The Ag-I interatomic distances are changing significantly with increasing silver iodide content, Fig. 8a . The lowest and invariant values r Ag-I = 2.70 ± 0.01 Å were found for diluted glasses (the critical percolation domain A). The glasses from the modifier-controlled sub-regions B and C show a monotonic increase of r Ag-I up to 2.77 ± 0.01 Å. The observed evolution is consistent with the composition dependence of the Ag-I stretching frequencies, Fig. 5d .
The fitting parameters for the Hg-S first neighbour peak were allowed to be completely free. In this particular case, no distinction was made between the two contributions: Hg 2F -S and Hg 4F -S. The derived average Hg-S coordination number, shown in Fig. 8b , reveals a step-like decrease within the sub-region B, x  0.3. As a result, the basic mercury-related structural motif in region C glasses appears to be the chain-like (HgS 2/2 ) n fragments. This change in mercury speciation seems to be the origin of a different slope ∂ log σ/∂y in the modifier-controlled domain at x≈0.3, Fig. 2a , and also is hidden behind the changing shape of the S X (Q) for quasi-ternary AgI-HgS-GeS 2 glasses, Fig. 7a .
The remaining question to solve appears to be a possible structural difference between the critical percolation domain A and modifier-controlled sub-regions B and C. In fact, the ionic conductivity measurements limit the critical percolation regime to x  0.04, while the modifier-controlled regime starts at x  0.10, Figs. 2 The tetrahedral mixed (2I + 2S) silver environment can be realised using two contrasting approaches: (a) isolated edge-sharing ES-Ag 2 I 2 S 4/2 dimers, and (b) extended corner-sharing chain-like fragments (CSAgI 2/2 S 2/2 ) n , Fig. 8c . We believe the ES-dimers exist in the critical percolation domain A while the CS-chains are characteristic of the modifier-controlled sub-regions B and C, forming the preferential conduction pathways. Both entities have crystalline analogues [54] [55] [56] [57] [58] and satisfy the requirements of the critical percolation regime (isolated randomly distributed ES-dimers in the glass network) or modifier-controlled regime (extended mixed CS-chains ensuring high ionic mobility of Ag + cations through the pathways with the presence of large polarisable anions).
A possible answer would include the count of Ag-Ag correlations. In the ES-Ag 2 I 2 S 4/2 dimers, the short Ag-Ag distances occur at 3.1-3.3 Å [55, 57] and N Ag−Ag = 1. In the (CS-AgI 2/2 S 2/2 ) n chains, the Ag-Ag correlations are longer, 4.0 Å ≤ r Ag−Ag ≤ 4.5 Å [59, 60] and N Ag−Ag = 2. The total correlation functions show a short second neighbour peak at ≈3 Å, highlighted in blue in Fig. 7c,d . However, the origin of this peak cannot be identified in a 5-component glass. Except short Ag-Ag correlations, similar interatomic distances can possibly provide Hg-Ag or Hg-Hg atomic pairs [59, 60] . Extensive AIMD modelling would be necessary to solve this question.
Conclusions
Quasi-ternary (AgI) x (HgS) 0.5−x/2 (GeS 2 ) 0.5−x/2 glasses, 10 −4 ≤ x ≤ 0.6, studied over a wide composition range covering nearly 4 orders of magnitude in the mobile cation content y, show a remarkable increase of the ionic conductivity of ≈12 orders of magnitude and exhibit two drastically different ion transport regimes: (i) a power-law critical percolation (region A, x  0.04), and (ii) a modifier-controlled conductivity, exponentially dependent on x  0.1. The homogeneous glasses in the modifier-controlled domain (0.1  x  0.5) can be subdivided into regions B and C with a threshold concentration x≈0.3 based on the slope log σ/∂y, which differs by a factor of 2 in the two subdomains. Glasses at the limit of the glass-forming range (region D, x  0.5) contain silver iodide nanocrystals.
Raman spectroscopy and high-energy X-ray diffraction were used to characterise short-and intermediate range ordering of the AgI-HgS-GeS 2 glasses in the composition domains A, B and C. The complementary experimental techniques supported by DFT modelling of the Raman spectra yield consistent structural results: the glass network is essentially formed by corner-sharing CS-GeS 4/2 tetrahedra and/or CS-Ge 2 S 7 dimers. Mercury sulfide in glasses is dimorphic. The majority of Hg species (70 % at x < 0.2) are building-up two-fold coordinated (HgS 2/2 ) n chains. The complete disappearance of tetrahedral mercury at x  0.3 explains the difference in ionic conductivity between the modifier-controlled sub-regions B and C. Silver species have mixed (2I + 2S) tetrahedral environment forming either edge-sharing ES-Ag 2 I 2 S 4/2 dimers or corner-sharing (CS-AgI 2/2 S 2/2 ) n chains.
The isolated ES-Ag 2 I 2 S 4/2 dimers, randomly distributed in the glass network, presumably exist in the critical percolation domain A, including also the glasses with intermediate conductivity behaviour between the two transport regimes at x  0.1. The extended (CS-AgI 2/2 S 2/2 ) n chains in the modifier-controlled domains B and C are suggested to form preferential conduction pathways ensuring high ionic mobility of Ag + cations moving along large polarisable anions. Nevertheless, further AIMD modelling would be necessary to provide further structural and ion dynamics details.
